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The spatial modes of light have grasped great research interests because of its great potentials in 
optical communications, optical manipulation and trapping, optical metrology and quantum 
information processing. Here we report on generating of photon pairs in Hermite-Gaussian (HG) 
mode in a type-I optical parametric oscillator (OPO) operated far below threshold. The 
bandwidths of the photon pairs are 11.4 MHz and 20.8MHz for two different HG modes 
respectively, which is capable to be stored in cold Rubidium atomic ensembles. From correlation 
measurements, non-classical properties of HG modes in different directions are verified by tuning 
the cavity. Our study provides an effective way to generate photon pairs with narrow bandwidth in 
high order spatial modes for high dimensional quantum communication. 
   
  In modern optical science, the spatial degree of freedom of photon has grasped great research 
interests for its wide applications in many fields including optical communications [1-3], optical 
manipulation and trapping [4], optical metrology [5-7] and quantum information processing [8-12], 
etc. Quantum information processing benefits greatly from improved manipulation of different 
photonics degrees of freedoms [13, 14]. Various studies of photon’s spatial degree of freedoms are 
motivated that such modes can increase greatly the information carried by photons [15-18].  
  In quantum communications, quantum memories for orbital angular momentum (OAM) qubit 
or qutrit states [19-21] and entangled states[22] have been realized. Recently, Laurat’s group has 
demonstrated quantum memory for vector polarized beams [23]. In addition to OAM modes and 
vector polarized modes, Hermite-Gaussian (HG) mode is another very important spatial mode of 
the photon, which is eigenmode of an optical cavity. To build quantum memories for HG modes, 
one need to prepare photonics states in this mode which has a matched bandwidth to couple with 
the memory. One of the common methods to reduce the bandwidth of photon pairs emitted from 
spontaneous parametric down conversion (SPDC) in a nonlinear crystal is to use an optical 
parametric oscillator (OPO) operated far below the cavity’s threshold [23-32]. A type-II OPO to 
generate hyperentanglement continuous-variable in HG mode was reported in ref. [33] recently. 
So far there is no any report on generating photons pairs in the discrete-variable regime in HG 
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modes using an OPO. 
  In this letter, we report on generating photon pairs in HG mode in a type-I OPO operating far 
below threshold. From correlation measurements, we show that the photon pairs has non-classical 
correlations and the bandwidth of the photon pairs generated is 11.4MHz and 20.8MHz for two 
different directions of the HG mode. We also show that directions of HG modes can be adjusted 
by tuning the cavity. Our work provides an effective way to generate photon pairs with narrow 
bandwidth in high order spatial modes for high dimensional quantum communication. 
   
  The Hamiltonian for a type-I OPO operated far below threshold is expressed by [33, 34]: 
 † †int , ,ˆ ˆ ˆ . p s l i lH i a a a H cχ −= +    (1) 
Here ˆ pa (
†ˆsa ,
†ˆia ) is (are) the annihilation (creation) operator for the pump field (signal, idler 
photon), respectively. l represents the OAM index of the emitted photons, we focus on 1l = in 
this work. For conservation of OAM in the SPDC process, the signal and idler photons have 
opposite OAM. Therefore, there are two possible ways by which the paired photons are created. 
The two possibilities are (i) a signal photon is emitted in 10LG and an idler photon is emitted in
1
0LG
− , and (ii) a signal photon is emitted in 10LG
− and an idler photon is emitted in 10LG . Because of 
the overlap of 10LG and
1
0LG
− in space and time, the 01HG and 10HG  mode are created in the 
output of the OPO. 
   The experimental setup is depicted in Fig. 1. In our experiment, the 795nm laser beam from Ti: 
sapphire laser is divided into two parts by using a polarized beam splitter (PBS). One part of the 
beam is used for second harmonic generation (SHG) to generate 397.5nm UV beam as the input 
for the OPO; the other part of the beam is modulated with an electoral optical modulator (EOM) 
with a frequency of 10.8 MHz, which generates side band for locking the cavity using 
Pound-Drever-Hall (PDH) method [35]. The Gaussian beam of the input is converted to 10LG mode 
using a vortex phase plate (VPP) before it couples to the OPO.  
The OPO cavity consists of two mirrors with a radius of curvature of 80 mm, the input coupling 
mirror CM2 (high reflection coated at 795nm and high transmission coated at 397.5nm) is 
attached to piezoactuator for scanning and locking the cavity, and mirror CM1 (4.5% transmission 
at 795nm and high transmission at 397.5nm) is used as output coupling mirror. A type-I 
periodically poled KTP crystal(PPKTP, from Raicol crystals, 1mm×2mm×10mm) is placed at 
the center of the cavity, whose temperature is controlled with a homemade temperature controller. 
 The OPO cavity and the UV pump beam are mode-matched using a single mode fiber (SMF). 
The locking beam and the pump beam are combined using a dichromatic mirror (DM). We use a 
chopper to time-divided between the locking beam and the created photon pairs for detection. The 
reflected beam from the cavity is rotated by a Farady rotator (FR) and detected with a fast 
photodiode (PD) for locking the cavity. The generated photon pairs are separated with a half wave 
plate (HWP) and a PBS, and detected using avalanche photon detector (APD) for coincidence 
measurement (Timeharp 260, from Pico quanta). 
   The non-classical correlation of the signal and idler photons is characterized using 
cross-intensity correlation between them. The normalized cross-intensity correlation is defined as 
following [28, 36]: 
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Where indices , { , }j k s i∈ represent for the signal or idler photon, respectively. The measurements 
of (2) ( )jkg τ consists of cross-correlation measurement detections between mode j  and k at a time 
delayτ and the auto-correlation measurement in mode j and in mode k.  
 
Figure 1. Experimental setup for the experiment. PBS: polarized beam splitter; M1-M5: mirrors; 
VPP: vortex phase plate; DM: dichromatic mirror; HWP: half wave plate; FC1, FC2: fiber coupler; 
CM1, CM2: cavity mirrors; SHG: second harmonic generation; FR: Farady rotator; PD: 
photodiode; SMF: single mode fiber; APD1, APD2: avalanche photon detector. 
 
  For measurements of cross-intensity correlation of signal and idler photon in HG mode, we use 
a pinhole to filter out one petal of the spatial mode and coupling it to single mode fibers. The 
pump power of the 397.5nm light is 60 µW. The experimental results for HG mode in different 
directions are showed in figure 2. Figure 2(a) is the results when the cavity mode is tuned to 
diagonal direction, the spatial shape leaked from the cavity is depicted in the inserted image. The 
value of the normalized cross-intensity correlation is (2), (0) 7.2s ig = in a time bin of 0.8 ns, the time 
for the coincidence measurements is 600 s. The full wave half maximum (FWHM) of the cross 
correlation time is 19.4ns, and the estimated bandwidth of the photon pairs is 11.4MHz. Figure 2(b) 
is the result for HG mode in the horizontal directions. The corresponding value of the normalized 
cross-intensity correlation is (2), (0) 5.7s ig = . The FWHM of the cross-correlation time is 10.6 ns, and 
the bandwidth of the photon pair is 20.8MHz. (2), (0) 2s ig >  means that the photon pairs have 
non-classical correlation. The different FWHMs between these two situations are arising from the 
different mode losses inside the cavity. Curves of the cross-intensity correlation should have 
comb-like shapes, but because of limited response speed of the APDs and a relative small round 
trip time (0.94 ns) of photon inside the cavity, the comb-like shape can not be observed. The 
detailed reasons can be found in ref. [32]. The free spectral range of the cavity is 1.06GHz, the 
number of the longitude modes which can simultaneously resonance with the cavity for the two 
cases are 1500 and 2100. The estimated spectral brightnesses of the photon pairs in account for the 
all losses are 16 (s.MHz.mW)-1 and 4.4 (s.MHz.mW)-1 respectively. 
 
   
Figure 2. Normalized cross-intensity correlation between signal and idler photon. (a) the cavity 
mode is in diagonal direction; (b) the cavity mode is in horizontal direction. 
 
Our experimental results clearly show that we could easily generate a photon pair non-classical 
correlated in different HG modes by locking the cavity in different HG modes. Besides, by using 
the type-I OPO operating far below threshold, we could also greatly reduce the bandwidth of the 
photon, which makes the effective coupling between the photon and atomic-based memory 
possible. The bandwidth of the photon pairs obtained experimentally are 11.4MHz and 20.8MHz 
for two different directions of the HG modes. In the present demonstration, the output spectral of 
the photon pair is in multi-longitude mode. Single longitude operation can be obtained by a filter. 
The filter methods introduced in ref. [30, 37] meet the requirements in our experiments. In the 
present experiments we aim to show the possibility to generate narrow bandwidth photon pairs in 
cavity’s high order modes. This primary study will provide an effective way to generate HG mode 
narrow bandwidth photon pairs, which can be coupled to high dimensional quantum 
communications.  
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